Pump-probe fluorescence microscopy has been demonstrated to be a powerful tool for obtaining three-dimensional, time-resolved information in bioimaging applications. However, the use of this technique can be complicated by the fact that the different wavelengths used to achieve pump-probe microscopy can result in wavelength-dependent spherical aberration, thus limiting the usefulness of the technique. We address this issue by investigating the effects of refractive-index-mismatch-induced spherical aberration on pump-probe image formation. We model the effects by considering pumpprobe imaging performed with an objective with a numerical aperture of 0.75 focusing through an oil-water interface. Our results show that spherical aberration has the greatest effect in degrading an axial point-spread function. In addition to signal loss, the redistribution of signal strength along the axial direction results in broadening of the FWHM of the plane response function. The inclusion of confocal detection tends to improve image resolution but at a significant loss of signal strength.
Introduction
In recent years, microscopic imaging techniques capable of acquiring high-contrast, three-dimensional images in biological specimens have attracted considerable attention. Whereas confocal microscopy has proved to be a powerful technique for the characterization of biological specimens, the capabilities of scanning optical microscopy were further advanced by the development of other imaging modalities.
Two-photon fluorescence microscopy, pioneered by Webb and co-workers at Cornell University, 1,2 has become extremely useful in many areas of microscopic imaging. The ability of multiphoton microscopy to limit the excitation volume to the focus is significant in that confocallike, high-contrast images can be generated without the use of detection pinholes. The limited sample photodamage to the focus also promotes longevity of biological specimens. Finally, near-infrared excitation photons are absorbed and scattered less by many biological specimens and can be further focused into the samples, thus permitting threedimensional imaging without the need for histological procedures. 2 More recently, a time-resolved imaging technique based on the pump-probe excitation of specimen fluorophores was developed, and it shares some of the advantages of multiphoton techniques. The way in which this method works is shown in Fig. 1 . In this approach, two laser sources with different repetition frequencies are focused and overlapped at the fluorescent sample. In one implementation, the wavelength of one laser (the pump) is chosen to excite the sample while the wavelength of the second laser (the probe) is chosen to induce stimulated emission from the flurophores in the excited state. As the two lasers have different repetition frequencies, the combined effects of excitation and stimulated emission result in modulation of excited-state population at the crosscorrelation frequency harmonics. In addition, because the pump-probe effect is effectively generated in regions where the two beams overlap, the crosscorrelation signal is dependent on the spatial integral of the product of the two laser intensity profiles. In short, pump-probe, cross-correlation (c.c.) signal F cc ͑t͒ generated from a species of fluorescent molecules with lifetime is given by
where and I͑r͒, respectively, denote the modulation frequency and the spatial intensity distribution of the pump beam. The corresponding quantities of the probe beam are represented by primed symbols. In addition, m ϭ 1͑͞1 ϩ 2 m 2 ͒ 1͞2 and ϭ tan Ϫ1 ͑ ͒, respectively, represent the modulation and the phase of the cross-correlation signal that can be used for determination of specimen lifetime. The subscript of lifetime designates that determined from the modulation and the phase of the cross-correlation signal. Note that it is the dependence of the cross-correlation signal on the spatial integral of the product of pump and probe beam intensities ͵ I͑r͒IЈ͑r͒d 3 r that provides the spatial specificity of this technique. Pumpprobe fluorescence microscopy implemented in this way has been demonstrated in bioimaging applications, and the imaging resolution has also been investigated. Although pump-probe microscopy is similar to confocal or multiphoton microscopy in its ability to generate optical sectional images, it is unique in one respect. As relation (1) shows, the modulation and the phase of the cross-correlation signal at frequency |Ј Ϫ | can be analyzed for highfrequency lifetime information at a pump modulation frequency of . Therefore high-frequency information can be acquired from a specimen without fast optical detectors. It has been demonstrated that the pumpprobe methodology may be conveniently used to measure sample harmonic content into the gigahertz range with a standard photomultiplier tube that responds in the hundreds-of-megahertz range. 3 In the stimulatedemission approach it has been shown that one can achieve polarization imaging by altering the polarization of the pump and the probe beams. 4 In addition, intensity-modulated laser diodes can also be used to generate the pump-probe effect for microscopic imaging. 5 Furthermore, although we have limited our discussion to the stimulated-emission approach, the pump-probe technique can be applied if the wavelengths of both the pump and the probe beams are chosen for sample excitation. The transient-absorption approach can also modulate the excited-state population at the low, cross-correlation frequency; the resultant cross-correlation fluorescence signal will also contain lifetime information on the excited-state molecules. 6,7
Spherical Aberration and Microscopic Image Formation
In bioimaging applications, specimen optical properties such as the variation of refractive indices and scattering coefficients can lead to a degradation of image quality. As shown in Fig. 2 , for mismatched refractive indices the refraction that occurs at the interface of an oil-water boundary leads to a change in the directions of the propagating light rays. The result of such deviation is the formation of a new focal position and the generation of an aberrated pointspread function (PSF), given by
where P͑, D͒ ϭ exp͓i⌽͑, D͔͒ is the pupil function that accounts for the phase difference of light rays L 1 and L 2 , given by ⌽͑, D͒ ϭ ͑2D͒͞n 1 sin
͔. Distance D represents the distance from the interface to the altered focal point, ␦ 1 is the half-angle of the objective, and ␦ 2 is determined from the relationship n 1 sin ␦ 1 ϭ n 2 sin ␦ 2 . The formalism described by Eq. (2) has been widely applied to a number of refractive-indexmismatch problems. 8 -10 And this is the formalism that we adopt here with which to investigate the effects of spherical aberration in pump-probe microscopic image formation. 
Refractive-Index-Mismatch-Induced Spherical Aberration in Pump-Probe Microscopy
Compared with studies of confocal and multiphoton microscopic image formation, the application of Eq. (2) for investigating spherically aberrated pumpprobe PSF involves additional degrees of complexity. As Fig. 1 shows, in typical one-photon pump and one-photon probe processes in which the excitation and the stimulated emission involve molecular interaction with one photon, three wavelengths need to be considered. The pump, the probe, and the detection wavelengths can all be different. To complicate the matter, because typical fluorescence excitation and emission are broad spectrally (ϳ100 nm), the possible combinations of pump, probe, and detection wavelengths can be numerous. The combination of laser wavelengths is further increased if either or both of the two lasers involved interact with the molecules by multiphoton activity. Finally, the choice of wavelengths that can be used in pump-probe microscopy is complicated by the fact that different wavelengths need to be chosen for fluorescent molecules with probe-specific spectral characteristics. Therefore it is not a trivial task to derive a generalized formalism to describe the effects of index-mismatch-induced spherical aberration in pump-probe microscopy.
Here we tackle this problem by limiting the possible spectral combinations, which we do by investigating the spherical aberration effects of one commonly used fluorphore. The fluorescent species that we chose to investigate is the nucleic acid labeled 4=,6-diamidino-2-phenylindole dihydrochloride (DAPI; D-1306, excitation/emission: 358/461, Molecular Probes, Eugene, Oregon). Furthermore, we fixed the laser wavelengths that we used to excite or stimulate emission. For one-photon excitation, the pump laser was fixed at 350 nm. The one-photon probe wavelength was chosen to be 500 nm (stimulated emission) or 350 nm (transient absorption). Furthermore, if the pump, the probe, (transient absorption), or both lasers involved two-photon operation a common wavelength of 700 nm was used. Note that, when two-photon operation is used for the probe beam, it is meant to induce further excitation of the groundstate molecules. In this manner the excited-state molecules can still be modulated at the cross-correlation frequency, and one can use its phase and modulation to determine the lifetime of the specimen under study. Finally, regardless of the modes of pumpprobe interactions, the confocal detection is always performed at 450 nm, which is near the emission peak of DAPI.
The reason for choosing a blue fluorescence species for our study is the relatively large phase difference that it introduces. To be specific, the relative phase difference among pump, probe, and detection wavelengths is larger for a blue fluorescence molecule than for a red fluorescence molecule. For example, for DAPI, the ratios of one-photon probe and detection wavelengths to that for a one-photon pump process are 1.29 and 1.43, respectively. These ratios are expected to decrease for longer-wavelength flurophores. The reason for this phenomenon is that, regardless of the colors of the fluorescent species, the spectra of one-photon excitation and emission are ϳ100 nm apart. As Fig. 2 shows, the relatively large difference among pump, probe, and detection wavelengths will result in a relatively larger phase difference at the focus, thus maximizing the effect of spherical aberration in pump-probe image formation. Finally, the interface that we chose for introducing spherical aberration is an oil-water interface, which is commonly encountered in bioimaging applications. The numerical aperture of the objective that we chose is 0.75.
Results and Discussion
By varying the combinations of the pump, probe, and detection wavelengths, we calculated the PSF at five depths away from the oil-water interface (at 0, 50, 100, 150, and 200 m). However, note that PSF I͑r͒IЈ͑r͒ described in relation (1) represents that of a one-photon pump-one-photon probe combination. If the pump or the probe involves a nonlinear process (such as two-photon absorption), a PSF involving nonlinear term I͑r͒ 2 or IЈ͑r͒ 2 needs to be used instead. Furthermore, in our calculations we also obtained results by using a detection pinhole (at 450 nm). Because as many as three wavelengths are involved in describing pump-probe microscopy, their effects on PSFs need to be carefully tracked.
We computed the effects of spherical aberration on Figs. 3 and 4 , respectively, and at depths of 0, 50, and 100 m. From the results of our PSF calculations we derived four parameters that characterize the PSFs: focal shift, relative peak signal strength (to the surface), and the FWHMs of the axial and the radial PSFs. These numerical results are tabulated in Table 1 . An examination of Figs. 3 and 4 and Table 1 yields several conclusions. First, the focal shift at each imaging depth is approximately a linear function of imaging depth and remains relatively unaffected by the wavelengths chosen for implementing the various modes of pump-probe microscopy. At imaging depths of 50, 100, 150, and 200 m the focal shift for all pump-probe modes and for two-photon microscopy is approximately 8, 16, 23, and 30 m, respectively. These values represent an approximate shift of 15% of the focus from the geometrically unaltered focus. The second observation is the decrease in peak intensity and the increase in the widths of the PSFs along both the radial and the axial axes with increasing imaging depth. Comparatively, the depth-dependent PSF degradation is more significant along the axial axis. For example, consider the effects of spherical aberration in the one-photon pump, one-photon probe (1pu-1pr) case for which the pump and probe wavelengths are both 350 nm. Table 1 lists the effects on the PSF at the surface and at depths ranging to 200 m. Without confocal detection, the axial FWHM increased from 1.129 to 1.950 m (a 72.72% increase), whereas the radial FWHM increased from 0.174 to 0.231 m (a 32.76% increase). However, the normalized peak intensity decreased in a more dramatic fashion, from 1 to 0.039. Note that, when the probe wavelength changes from 350 to 500 nm (stimulated emission), a different effect is observed. In the absence of a confocal detection pinhole, the FWHM of the axial PSF decreased from 1.300 to 2.717 m (a 109% increase) from the surface to a depth of 200 m. The radial FWHM, however, increased only from 0.199 to 0.263 m (a 32.16% increase) over the same depths. The maxima of the normalized intensity decreased to 0.047 of the surface peak value. These results indicate that pump-probe spherical aberration has the effect of decreasing the signal strength and redistributing the pump-probe signal into a larger volume along the axial axis. The effects are more significant with larger differences between the pump and the probe wavelengths. The normalized peak intensity of the PSF is dramatically affected by the choice of wavelengths used in implementing the different modes of signal generation. For example, at an imaging depth of 100 m the relative peak intensity increased from 0.085 for 1pu-1pr (350-350 nm) to 0.300 for 2pu-2pr ͑700-700 nm͒; this value is further increased to 0.548 for two-photon ͑700-nm͒ excitation.
Finally, the addition of a confocal pinhole (at 450 nm) has the tendency to decrease the peak PSF intensity and decrease the FWHMs of the PSFs. At an imaging depth of 100 m and for 2pu-2pr (700-700-nm) excitation, a confocal pinhole reduced the relative peak intensity from 0.300 to 0.143 (a decrease of 52.3%), whereas the axial PSF decreased from 1.708 to 1.420 m (a decrease of 16.9%) and the radial PSF decreased from 0.248 to 0.197 m a decrease of 20.6%). In fact, from Table 1 one can see that, at large imaging depths, the loss of signal peak intensity consistently exceeds the relative gain in axial image resolution.
Note that in some cases in which the PSFs become highly aberrated, secondary peaks start to emerge and their amplitudes are comparable to the main intensity peaks. In such cases the identification of the FWHMs is not so easily achieved (see the curves for 100 m in Fig. 3 ). In those cases the axial FWHMs are computed by use of the Rayleigh criterion. Specifically, if the intensity minimum between the primary and secondary peaks is less than 0.5 of the primary peak, the width of the primary peak is determined to be the FWHM. Otherwise, the two peaks are treated as one peak and the PSF FWHM is computed as that of the combined peak. In addition to PSF analysis, we also performed computations of the signal plane response and the total signal strength for several pump-probe configurations; representative plots are illustrated in Figs. 5 and 6, respectively. The results are also tabulated in Table  1 along with the two-photon results. For example, consider the 1pu-1pr (350-350-nm) case without confocal detection. From 0 to 200 m the FWHM of the planar response increased from 1.193 to 3.517 m (a 194.8% increase) but the total signal level decreased only from 68.3% to 0.317 of the surface value. This finding further supports the fact that spherical aberration tends to redistribute the focal energy along the axial axis. With the addition of a confocal aperture, the FWHM of the axial planar response increased from 1.004 to 2.443 m (a 143.3% increase) while the signal level decreased from the normalized value of 1 at the surface to 0.044 (a 95.6% decrease). Therefore the redistribution of the pump-probe signal along the axial axis owing to spherical aberration results in decreased planar response degradation and a loss of total signal strength.
Conclusions
We have investigated the effects of refractiveindex-induced spherical aberration in pump-probe image formation for focusing through an oilwater interface [one-pump-one-probe ͑1pu-1pr͒, two-pump-one-probe ͑2pu-1pr͒, and two-pump-twoprobe ͑2pu-2pr͒ configurations]. As multiple wave lengths (350, 500, and 700 nm) can be used for pumpprobe bioimaging, it is conceivable that objective Fig. 5 . Plane response of pump-probe and two-photon microscopy under spherical aberration. chromatic aberration can also be an important factor in determining the efficiency of pump-probe microscopy. This effect will be determined by the degree of chromatic aberration correction and is expected to be objective dependent. In practice, one should use the objectives with the highest degree of chromatic aberration in pump-probe imaging applications.
For spherical aberration we found that, whereas the focal shifts and the FWHMs of the radial PSFs are relatively unaffected by the different modes of pump-probe implementation, the relative peak intensity of signal and axial PSF widths can be drastically compromised. Analysis of the axial PSF, the planar response function, and the total signal strength show that in addition to causing signal loss, spherical aberration redistributes the pump-probe signal along the axial axis. The use of a confocal pinhole has the general tendency of reducing the peak intensity while improving both radial and axial PSFs. Furthermore, confocal detection reduces the FWHMs of both the axial planar response and the total signal strength. Our results show that, when one is applying pump-probe microscopy in bioimaging applications in which a mismatch of refractive indices occurs, a confocal pinhole should be used if the loss in signal strength at depth is not of concern; image resolution would improve. However, if one's goal is to acquire the maximum signal from pumpprobe imaging, the pinhole should not be used.
